The distribution of trace ore elements in different paragenetic stages of pyrite has been documented for the first time in the sub-seafloor of the actively-forming TAG massive sulfide deposit. Trace element distributions have been determined by in-situ laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) of pyrite formed at different stages of mineralization, and at different temperatures constrained by previously published fluid inclusion analyses. The data reveal a strong dependence on paragenetic stage, with distinct low-and hightemperature enrichments. Porous pyrite (and marcasite) formed at low temperatures (< 300°C) in the outer margins of the deposit is enriched in As, Ag, Tl, Pb, Sb, Mo, W, Zn, Ga, Ge, Cd, In, Te, Au, Mn, V, and U. Coarsegrained pyrite formed at higher temperatures (> 350°C) at the base of the hydrothermal mound and in the stockwork zone is enriched in Co, Se, Bi, Cu, Ni, and Sn. A number of different sub-types of pyrite also have characteristic trace element signatures; e.g., the earliest pyrite formed at the highest temperatures is always enriched in Co and Se compared to later stages. Ablation profiles for Co, Se, and Ni are smooth and indicate that these elements are present mainly in lattice substitutions rather than as inclusions of other sulfides. Profiles for As, Sb, Tl, and Cu can be either irregular or smooth, indicating both lattice substitutions and inclusions. Lead and Ag have mostly smooth profiles, but because Pb cannot substitute directly into the pyrite lattice, it is interpreted to be present as homogeneously distributed micro-or nano-scale particles. The behavior of the different trace elements mainly reflects their aqueous speciation in the hydrothermal fluids at different temperatures, and for some elements like Co and Se, strong partitioning into the pyrite lattice at elevated temperatures. Adsorption onto pyrite surfaces controls the distribution of a number of redox-sensitive elements (i.e., Mo, V, Ni, U), particularly in the upper part of the mound which is infiltrated by cold seawater. Where micro-or nano-scale inclusions of chalcopyrite, sphalerite, galena, or sulfosalts are present, there is still a strong temperature dependence on the inclusion population (e.g., more abundant chalcopyrite in the highest-temperature pyrite), suggesting that the inclusions were co-precipitated with pyrite rather than overgrown. However, at the deposit scale, the trace element distributions are also strongly controlled by remobilization and chemical zone refining, as previously documented in bulk geochemical profiles.
The distribution of trace ore elements in different paragenetic stages of pyrite has been documented for the first time in the sub-seafloor of the actively-forming TAG massive sulfide deposit. Trace element distributions have been determined by in-situ laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) of pyrite formed at different stages of mineralization, and at different temperatures constrained by previously published fluid inclusion analyses. The data reveal a strong dependence on paragenetic stage, with distinct low-and hightemperature enrichments. Porous pyrite (and marcasite) formed at low temperatures (< 300°C) in the outer margins of the deposit is enriched in As, Ag, Tl, Pb, Sb, Mo, W, Zn, Ga, Ge, Cd, In, Te, Au, Mn, V, and U. Coarsegrained pyrite formed at higher temperatures (> 350°C) at the base of the hydrothermal mound and in the stockwork zone is enriched in Co, Se, Bi, Cu, Ni, and Sn. A number of different sub-types of pyrite also have characteristic trace element signatures; e.g., the earliest pyrite formed at the highest temperatures is always enriched in Co and Se compared to later stages. Ablation profiles for Co, Se, and Ni are smooth and indicate that these elements are present mainly in lattice substitutions rather than as inclusions of other sulfides. Profiles for As, Sb, Tl, and Cu can be either irregular or smooth, indicating both lattice substitutions and inclusions. Lead and Ag have mostly smooth profiles, but because Pb cannot substitute directly into the pyrite lattice, it is interpreted to be present as homogeneously distributed micro-or nano-scale particles. The behavior of the different trace elements mainly reflects their aqueous speciation in the hydrothermal fluids at different temperatures, and for some elements like Co and Se, strong partitioning into the pyrite lattice at elevated temperatures. Adsorption onto pyrite surfaces controls the distribution of a number of redox-sensitive elements (i.e., Mo, V, Ni, U), particularly in the upper part of the mound which is infiltrated by cold seawater. Where micro-or nano-scale inclusions of chalcopyrite, sphalerite, galena, or sulfosalts are present, there is still a strong temperature dependence on the inclusion population (e.g., more abundant chalcopyrite in the highest-temperature pyrite), suggesting that the inclusions were co-precipitated with pyrite rather than overgrown. However, at the deposit scale, the trace element distributions are also strongly controlled by remobilization and chemical zone refining, as previously documented in bulk geochemical profiles.
The results show that pyrite chemistry is a remarkably good model of the chemistry of the entire hydrothermal system. For many trace elements, the concentrations in pyrite are highly predictive in terms of the conditions of mineral formation over a wide range of temperatures, from the stockwork zone to the cooler outer margins of the deposit. Calculated minimum concentrations of the trace elements in the fluids needed to account for the observed concentrations in pyrite show good agreement with measured vent fluid concentrations, particularly Pb, As, Mo, Ag, and Tl. However, significantly higher concentrations are indicated for Co (and Se) than have been measured in sampled fluids, confirming the strong partitioning of these elements into high-temperature pyrite.
Introduction
With the widespread availability of multi-element ICP-MS data, we now know a lot about the trace ore elements in different deposit types. However, we still lack reliable models of enrichments or depletions that can be directly linked to primary depositional conditions. A growing number of studies have employed high-resolution laser ablation inductively-coupled plasma mass spectrometry (LA-ICP-MS) to determine the trace element concentrations in sulfide minerals, including many studies of volcanogenic massive sulfide (VMS) deposits (Leistel et al., 1998; Slack et al., 2005; Cook et al., 2009; Maslennikov et al., 2009 Maslennikov et al., , 2013 McClenaghan et al., 2009; Craddock and Bach, 2010; DuselBacon et al., 2011; Ye et al., 2011; Lockington et al., 2014; Revan et al., 2014; Wohlgemuth-Ueberwasser et al., 2014; Genna and Gaboury, 2015; George et al., 2015; Belousov et al., 2016; Maslennikov et al., 2017; Dehnavi et al., 2018) . Large amounts of complex data are often reported, but only a fraction can be confidently explained in terms of systematic behavior of the trace elements (e.g., Cook, 1996; Cook et al., 2009) . At the same time, the manner in which trace elements occur in the host minerals (e.g., in solid solution, as submicroscopic mineral inclusions, or adsorbed onto sulfide surfaces) is often poorly constrained. Temperature-dependent partitioning between the aqueous fluid and mineral is widely cited (e.g., McIntire, 1963; Loftus-Hills and Solomon, 1967; Scott and Barnes, 1971; Auclair and Fouquet, 1987; Huston et al., 1995; Cook, 1996; Craig et al., 1998; Hannington, 2014; Seward et al., 2014) , but there are few well-known or experimentally calibrated substitutions -far fewer than the number of elements that can now be analyzed by LA-ICP-MS. If the partition coefficients are very large or very small, the concentrations of the trace elements in the minerals are unlikely to be an accurate reflection of the concentrations in the fluids (e.g., Cd in sphalerite: Cook et al., 2009) . In many deposits, significant modification of primary trace element distributions also can result from hydrothermal reworking, recrystallization, and metamorphism. This makes interpretation of the trace element distributions in terms of aqueous fluid-mineral equilibria difficult for most of the periodic table.
Access to vent fluids in active seafloor hydrothermal systems is now showing the most important influences on trace element distributions, including redox conditions, pH, enriched sources of elements, the availability of ligands for complexing, and the influence of processes such as phase separation, volatile partitioning, and direct magmatic contributions (Von Damm, 1990; Hannington, 2014) . However, comprehensive data sets, especially for trace metals, are rare (e.g., Metz and Trefry, 2000) . Several studies have explored what can be learned from LA-ICP-MS on sulfide minerals from seafloor vents (e.g., Halbach et al., 1998; Butler and Nesbitt, 1999; Houghton et al., 2004; Bogdanov et al., 2008; Lein et al., 2010; Li et al., 2012; Melekestseva et al., 2014; Wohlgemuth-Ueberwasser et al., 2015; Keith et al., 2016; Maslennikov et al., 2017; Melekestseva et al., 2017; Wang et al., 2017; Dekov et al., 2018; Yuan et al., 2018) , but few have linked the trace element behavior to the compositions of the vent fluids or the complex mineral paragenesis of evolving systems from the underlying stockwork zone to the seafloor hydrothermal mound. Questions remain about the role of temperature-dependent mineral solubilities, mineral zoning, zone refining, primary versus diagenetic and secondary enrichments, inheritance of trace element fingerprints during replacement or recrystallization, and what mechanisms are most important for incorporation of trace elements in mineral lattices.
To investigate some of these questions, we analyzed sulfides from ODP drill holes through the actively-forming Trans-Atlantic Geotraverse (TAG) deposit on the Mid-Atlantic Ridge. We focused on pyrite as a phase that is present in all parts of the deposit and has formed under a range of different but well-constrained conditions from low to high temperatures. Using LA-ICP-MS we were able to analyze texturally complex and compositionally variable pyrite grains from multiple episodes of deposit growth. Co-existing marcasite, sphalerite, and chalcopyrite were also analyzed. We show that systematic behavior of trace elements in pyrite is closely linked to primary depositional conditions and hydrothermal fluid compositions in a predictive way that can also inform the interpretation of trace element distribution in ancient VMS deposits.
K a n e F ra c tu re Z o n e A tl a n ti s F ra c tu re Z o n e Broken Spur Other vent fields and sulfide deposits in the region are also shown. Bathymetry is from GeoMapApp (2017) , and hydrothermal vent locations from Beaulieu et al. (2013) and Beltenev et al. (2017) .
TAG HYDROTHERMAL FIELD

TAG hydrothermal mound
The TAG hydrothermal mound is located at 26°08.2′N, 44°49.6′W on the TAG segment of the Mid-Atlantic Ridge (Fig. 1) . The 40 km-long TAG segment is 9 km wide and > 4200 m deep at its northern and southern ends, narrowing to 6 km and 3600 m deep on a central high at 26°10′N (Rona, 1980; Sempere et al., 1990) . The rift valley is asymmetrical with the higher and steeper eastern wall rising through a series of benches bounded by steep, westward-dipping faults up to 1 km long and several hundred meters wide (Thompson et al., 1985; Tivey et al., 2003) . The TAG hydrothermal field covers an area of at least 5 km by 5 km close to the eastern wall of the central axial valley and is located on the hanging wall of an active detachment fault (Humphris et al., 2015) . It was discovered in 1972 during the NOAA Trans-Atlantic Geotraverse project (Scott et al., 1974) and is one of the most comprehensively studied seafloor hydrothermal systems (Thompson et al., 1985; Lisitsin et al., 1989; Zonenshain et al., 1989; Purdy et al., 1990; Rona et al., 1993a Rona et al., , 1993b Edmond et al., 1995; Krasnov et al., 1995; Edmonds et al., 1996; Gamo et al., 1996; Humphris et al., 1995a; RevesSohn et al., 2004; Roman and Singh, 2007; Pontbriand and Sohn, 2014) . Three main areas of past and present hydrothermal activity have been mapped: low-temperature venting and Mn-and Fe-oxide deposits on the eastern rift valley wall (2400 to 3100 m: Scott et al., 1974) , relict massive sulfide mounds (Mir and Alvin zones at 3400 to 3600 m: Rona et al., 1993b) , and the currently active high-temperature mound on the rift valley floor (3620-3700 m: Humphris et al., 1995a) . The earliest hydrothermal activity in the TAG field is represented by low-temperature Mn-oxides having a minimum age of 125,000 years (Lalou et al., 1993) . High-temperature hydrothermal activity in the relict Mir zone began approximately 100,000 years ago (Lalou et al., 1993) . The presently active mound began forming about 40,000 to 50,000 years ago on 100,000-year-old crust (Lalou et al., 1998) . Distinct pulses of hightemperature activity, every 5000 to 6000 years over the past 20,000 years, are recorded by U-Th ages in mound talus; between these pulses, the mound cooled completely (Rona et al., 1993a) . Dating of chimney sulfides indicates the latest reactivation of high-temperature venting began~70 years ago after a hiatus of 4000 years (Lalou et al., 1998) .
The active mound is roughly circular, and measures 200 m in diameter and about 50 m in height (Fig. 2) . Two distinct terraces at 3642-3650 m and 3650-3655 m water depth are interpreted to represent separate phases of mound growth Kleinrock et al., 1996; Humphris and Tivey, 2000) . The actively venting high-temperature Black Smoker Complex (BSC) sits on a 23 mwide and 10 m-high cone consisting of brecciated blocks of massive pyrite, chalcopyrite and anhydrite surrounded by talus from the frequent collapse of sulfide chimneys (Thompson et al., 1985; Rona et al., 1993a; Humphris et al., 1995a) . The margins of the active mound are steep-sided slopes up to 20 m high and are partially covered and surrounded by an apron of oxidized sulfide debris flow, pyrite-rich blocky talus, and metalliferous sediment (German et al., 1993; Rona et al., 1993a; Hannington et al., 1998a) .
Two distinct but related fluids currently exit the mound, with compositions that have remained stable over several decades (Campbell et al., 1988; Edmond et al., 1995; Edmonds et al., 1996; Gamo et al., 1996; James and Elderfield, 1996; Metz and Trefry, 2000) . High-temperature venting up to 370°C is concentrated at the BSC Edmond et al., 1995; Parker and von Damm, 2005) . However, other isolated occurrences of black smoker fluid venting indicate that high-temperature upflow is not restricted only to the BSC . White smoker, Zn-rich fluids previously were venting from beehive-like chimneys in the 'Kremlin Area', approximately 70 m to the southeast of the BSC on the lower terrace (Edmond et al., 1995) ; they have now ceased venting (Sohn, 2007) . The white smoker fluids were 60°to 90°C cooler than the black smoker fluids, more acidic, and less Fe-and H 2 S-rich. They were considered to be products of mixing between black smoker fluid and seawater, with precipitation of Fe-sulfide within the mound accounting for the low Fe, H 2 S, and pH Tivey et al., 1998) . Diffuse flow of low-temperature (up to 50°C) fluid is occurring through much of the mound surface and the surrounding sediment apron (Becker and von Herzen, 1996) .
The TAG deposit is the only sediment-free, basalt-hosted, active sulfide mound complex that has been drilled from the seafloor to the bottom of its stockwork zone (a depth of 125 m below seafloor: Humphris et al., 1995a) . During ODP Leg 158, 17 holes were drilled at five locations across the active mound, designated TAG-1 to TAG-5 (Fig. 2) . Core was recovered from 15 holes enabling the first threedimensional reconstruction of the mound and sub-seafloor stockwork complex (Humphris et al., 1995b; Hannington et al., 1998a; Petersen et al., 2000) . Fig. 3 is a composite section of the mound and stockwork zone showing the distribution of the different mineralized zones and the locations of the samples selected for this study. Based on the thickness of the sulfide zone and extent of the underlying stockwork mineralization, the deposit was estimated to contain 2.7 million metric tons Roman and Singh (2007) and retrieved from the Marine Geoscience Data System data repository (www.marine-geo.org, 2017) via GeoMapApp (www.geomapapp.org).
(Mt) of massive and semi-massive sulfide (~2% Cu) in the mound and approximately 1.5 Mt. of mineralized breccias (~1% Cu) in the subseafloor stockwork zone (Hannington et al., 1998a) .
Mineralized zones
Details of the TAG drilling are summarized here from Humphris et al. (1995a) , Humphries et al. (1995b) , Fouquet et al. (1998) , Knott et al. (1998 . The deposit comprises four main zones, with a number of different mineralization types originally defined by Humphris and Kleinrock (1996) (Table 1) . They comprise: i) a hydrothermally re-worked talus pile, ii) the hydrothermal mound, iii) the sub-seafloor stockwork, and iv) altered footwall. Each zone is dominated by one or more mineralization types (types 1-11) listed in Table 1 . Zone 1 (0 to~15 mbsf) consists of a thin layer of Fehydroxides and chert (types 1-4; Fig. 4a ) overlying massive pyrite and massive pyrite breccias (types 5 and 6; Fig. 4b and c) with clasts up to 5 cm in a matrix of sandy, porous pyrite. This represents locally reworked and partially cemented talus in the upper part of the hydrothermal mound. The core of the TAG mound (zone 2:~15-45 mbsf) contains pyrite-anhydrite-breccia (type 7; Fig. 4d ) to 30 mbsf with rounded pyrite clasts cemented by anhydrite. Between 30 and 45 mbsf, the pyrite-anhydrite breccia are strongly silicified (type 8; Fig. 4e ) and include clasts of siliceous pyrite, quartz-pyrite aggregates, spongy pyrite, and granular pyrite in a quartz matrix. Anhydrite veins up to 45 cm in thickness (type 11) crosscut the breccia. Zone 3 (45-100 mbsf) consists of pyrite-silica breccia (type 9; Fig. 4f ) with gray fragments of variably mineralized and silicified wallrock and quartz-pyrite clasts in a matrix of fine-grained quartz. This represents the upper part of the quartz-rich stockwork underneath the hydrothermal mound and grades downward into silicified wallrock breccia (type 10a) containing clasts of basaltic fragments (up to 5 cm), recrystallized to quartz, pyrite and smectite (Fig. 4g ). Zone 4, below 100 mbsf and to 125 mbsf, consists of altered basalt breccia (type 10b) including chloritized, paragonitized, and weakly mineralized basalt fragments up to 5 cm in size (Fig. 4h) . These breccia have a matrix of quartz and pyrite, are crosscut by veins of pyrite, quartz and quartz + pyrite, and represent the lower part of the stockwork and upper hydrothermal upflow zone beneath the TAG mound.
Sampled drill core
For this study we selected 20 samples from representative locations throughout the active mound and underlying stockwork zone in TAG areas 1, 2, 4, and 5. Six holes were drilled in the TAG-1 area approximately 20 m southeast of the BSC on the upper terrace of the mound, and penetrated through the sulfide mound into the stockwork zone to a maximum depth of 125 mbsf. We selected multiple samples of seven different mineralization types from TAG-1 composed of massive granular pyrite, and breccias of massive pyrite, pyrite-anhydrite, pyriteanhydrite-silica, pyrite-silica, and silicified and chloritized wallrock (Table 3) . Massive pyrite breccia, consisting of massive pyrite plus Fig. 3 . A composite section of the internal structure of the active TAG mound and subseafloor stockwork modified from Fouquet et al. (1998) . The location of the section is shown in Fig. 2 . TAG-5 (dashed outline) is projected onto this section. The depicted lithologies are summarized from multiple holes within each area. Yellow stars show locations of samples analyzed in this study. Different zones indicated in Table 1 are shown and include the following mineralization types (Humphries et al., 1996) : massive pyrite and pyrite breccias (types 5 and 6); pyrite-anhydrite breccia (type 7); pyrite-silica (−anhydrite) breccia (type 8); pyritesilica and wallrock breccias (type 9 and 10a); chloritized basalt (type 10b). Temperature contours are based on fluid inclusion data for quartz and anhydrite from Petersen et al. (1998 Petersen et al. ( , 2000 and Tivey et al. (1998) ; vent temperatures are from Edmond et al. (1995) . The Kremlin area is now inactive. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) minor chalcopyrite and anhydrite (types 5-6), was sampled in the upper 15 m of TAG-1 core. Below 15 mbsf, three samples were selected to represent the dominant pyrite-anhydrite and matrix-supported pyrite-silica-anhydrite cemented breccias (type 7), which extend to 30 mbsf. Pyrite is commonly nodular (0.5-1.5 cm), reflecting in-situ pyrite nucleation and sequential growth producing a rounded morphology . Abundant pyrite and chalcopyrite in the core is associated with anhydrite veining, often as well-developed vein selvedges. Below 30 mbsf, two samples of anhydrite-veined pyrite-silica breccia (type 8), one sample of pyrite-silica breccia (type 9), and a silicified wallrock breccia sample (type 10a) were selected to represent the dominant mineralization at the base of the anhydrite-rich core and the transition from the mound to subseafloor stockwork. Below 45 mbsf, a pyrite-silica breccia (type 9), and two samples of silicified wallrock (type 10a) were selected to represent the transition from sulfide-bearing silicified wallrock into chloritized, silicified and pyritized wallrock breccias up to 100 mbsf. Anhydrite veining in these samples is associated with trace chalcopyrite and disseminated granular pyrite. Quartz and pyrite veining increases below 50 mbsf, and these minerals are the dominant vein fill to 100 mbsf. A chloritized wallrock sample (type 10b) from 116.17 mbsf was selected to represent the dominant chloritic and silicified wallrock below 100 mbsf which contains pyrite, quartz and quartz + pyrite veins, and minor disseminated pyrite.
Four holes were drilled next to the 'Kremlin Area' on the southeastern part of the lower platform (TAG-2: Fig. 2 ). Hole 957H ended in silicified wallrock breccia at 54.5 mbsf, and 957B, the most southeasterly hole, ended in relatively unaltered basalt at 20 mbsf. We sampled clasts of massive porous pyrite-bearing chert from TAG-2 (type 2; Table 3 ). Surface and near-surface mineralization includes porous massive Zn-Fe sulfides and chimney fragments composed of sphalerite and silica. A hard cherty layer containing pyrite in a predominantly cherty matrix occurs in the top few meters of all TAG-2 holes but overall core recovery of this material was low (Humphries et al., 1995b) . Massive pyrite breccias (type 5) with minor anhydrite cement and abundant gray and red chert clasts grade downhole into massive pyrite and porous, nodular pyrite breccias (type 6) by 20 mbsf. Between 20 and 30 mbsf, pyrite-silica breccias (types 8 and 9) and anhydrite veins increase in abundance. Below 30 mbsf, silicified wall rock breccia (type 10a) and chloritized basalt fragments are dominant to the bottom of the drill holes and resemble the upper part of the quartz-rich stockwork below 45 mbsf in TAG-1. Overall, there is less anhydrite veining than in drill holes from TAG-1 and TAG-5. Representative samples of each of these mineralization types were selected for study.
Four holes were drilled on the upper terrace (TAG-4; Fig. 2 ), 20-30 m west of the BSC through the sulfide mound, the stockwork zone, and into underlying slightly altered and chloritized basalt to a maximum depth of 51.2 mbsf. The hydrothermal mound in this area is approximately 30 m thick, and consists of sulfide-cemented talus adjacent to the main upflow zone. We sampled five distinct mineralization types from TAG-4 consisting of massive pyrite, porous massive pyrite, gray silica with fine-grained disseminated pyrite, and pyrite-silica breccia (Table 3) . Core from the upper 10 m consists of in-situ massive sulfide crusts and sulfide-cemented breccias of massive porous pyrite, colloform marcasite, and sphalerite (type 5), plus red and gray chert clasts similar to those in drill holes from the same depth in the TAG-2 area. Sphalerite mainly occurs in the upper 5-10 m and sporadically to 15 mbsf. Chalcopyrite is rare. Abundant colloform pyrite and late-stage sphalerite are common in cavities and veins and are the main cement of the uppermost breccias. Below 10 mbsf, two samples of massive pyrite and porous massive pyrite were selected from massive pyrite and pyrite breccias containing minor sphalerite. These grade into pyrite-silica breccia (type 9) interspersed with sulfide-bearing chert, which are dominant at the base of the hydrothermal mound between 20 and 30 mbsf; one pyrite-silica breccia was selected to reflect this transition. Below 30 mbsf, two samples of sulfide-bearing chert (type 3) and Table 1 Distribution of mineralization types in the TAG mound. (Humphries et al., 1996) . Letters refer to drillholes in Fig. 2 . Abbreviations: py = pyrite, mc = marcasite, cpy = chalcopyrite, sph = sphalerite, anh = anhydrite, qtz = quartz, sil = silica, am.Si = amorphous silica, chl = chlorite, Fe-ox = Fe-oxides, bx = breccia. Excluding mineralization type 10 where the sub-types 10a and 10b represent distinctly different rock types, for discussion of this dataset, only the major mineralization type subdivisions detailed in are utilized.
silicified wallrock breccia (type 10a) cemented by massive pyrite and cut by quartz and pyrite veins were also sampled. At 42 mbsf, there is an abrupt transition to a variably chloritized basaltic footwall (type 10b). Core from the TAG-4 area differs from the rest of the active mound by the lack of anhydrite, more abundant amorphous silica, marcasite, and sphalerite, and a less-altered footwall. Two holes were drilled on the upper terrace approximately 20-30 m to the north of the BSC (TAG-5; Fig. 2 ) to 59.4 mbsf. The core from this area mainly consists of brecciated massive sulfides similar to TAG-1, and the core recovery was low (Humphries et al., 1996) . Between surface and 10 mbsf, nodular pyrite-and pyrite-anhydrite breccias (types 6-7) are similar to those of the anhydrite-rich zone at TAG-1. They contain minor chalcopyrite in a medium-to fine-grained matrix of pyrite and anhydrite. Between 10 and 45 mbsf, two samples were selected to represent the gradual transition from massive pyrite breccias (types 5-6), and pyrite-anhydrite-breccias (type 7) to pyrite-silica breccia (type 9) above 30 mbsf and to silicified wallrock breccia below 30 mbsf. Anhydrite is most abundant above 10-15 mbsf as open-space filling (type 7), veins and cement in nodular pyrite-anhydrite breccia in TAG-5, but it also occurs as later veins in pyrite-anhydrite breccia to 25 mbsf. Petersen et al. (1998 Petersen et al. ( , 2000 and Tivey et al. (1998) conducted detailed fluid inclusion studies of quartz and anhydrite to investigate the vertical and horizontal temperature regime in the TAG hydrothermal system (Fig. 5 ). Due to its retrograde solubility, the trapping temperatures of fluid inclusions in anhydrite record only the most recent hightemperature hydrothermal venting, whereas quartz trapping temperatures record multiple hydrothermal events. Fig. 4 . Representative samples of drill core from the TAG mound. A) Gray chert (type 3) consisting of medium-grained gray to white granular and massive quartz with fine-grained disseminated pyrite in quartz and rimming clasts (5% pore space). TAG-4, 34.30 mbsf, zone 0. B) Porous massive pyrite (type 5) containing granular, euhedral, and colloform pyrite, plus jasper clasts with late sphalerite in open spaces (25% pore space). TAG-2, 10.19 mbsf, zone 1. C) Porous, nodular pyrite breccia (type 6) consisting of fine-to coarse-grained subhedral to euhedral pyrite in clasts and matrix, fine-to mediumgrained matrix anhydrite, and minor fine-grained chalcopyrite. TAG-1, 1.68 mbsf, zone 1. D) Nodular siliceous pyrite-anhydrite breccia (type 7) composed of fine-to medium-grained nodular pyrite, fine-to coarse-grained anhydrite in veins, and minor silica in pyrite-silica and wallrock clasts. Massive pyrite clasts contain very fine-grained disseminated chalcopyrite coeval with pyrite. TAG-1, 21.05 mbsf, zone 2. E) Pyrite-silica-anhydrite breccia (type 8) consisting of fine-to medium-grained pyrite and very fine-grained silica in pyrite-silica clasts, fine-to medium-grained chalcopyrite, and minor fine-to medium-grained anhydrite in veins, and as crustiform and dissolution textures (porosity = 5%). TAG-1, 32.35 mbsf, zone 2. F) Nodular pyrite-silica breccia (type 9) consisting of fine-grained quartz clasts in dark gray silica matrix, fine-to coarsegrained pyrite as nodular pyrite and rimming quartz fragments, and minor anhydrite. TAG-5, 40.10 mbsf, zone 2. G) Silicified wallrock breccia (type 10a) composed of very fine-grained silica and minor clays replacing basalt, and very fine-to fine-grained disseminated pyrite in 'veins' on the edge of the sample (porosity = 5%). TAG-4, 38.51 mbsf, zone 3. H) Type 10b chloritized basalt breccia with very finegrained quartz in crosscutting veins replacing basalt, very fine-grained chlorite replacing basalt, very fineto medium-grained pyrite disseminated in crosscutting quartz veins, and fine-to coarse-grained euhedral anhydrite in veins on exposed broken surfaces (porosity = 7%). Minor fine-grained chalcopyrite occurs in anhydrite veins with pyrite. TAG-1, 116.19 mbsf, zone 4. Sample descriptions and photographs are from Humphries et al. (1996) . overall temperature increase with depth. In the central anhydrite-rich zone 2, fluid inclusions in anhydrite and quartz have similar ranges of trapping temperatures (340°-384°C and 337°-381°C, respectively), which correspond to the recorded exit temperatures of the Black Smoker Complex (360-370°C: Edmond et al., 1995; Edmonds et al., 1996) . Anhydrite and quartz in the stockwork (zones 3 and 4; Fig. 3 ) were precipitated at temperatures higher than 375°C, indicating that the hydrothermal fluids cooled conductively or mixed with ambient seawater prior to venting (Petersen et al., 2000; Tivey et al., 1998) . Lower trapping temperatures close to the current and paleo-seafloor indicate local entrainment of seawater into the mound. The lack of anhydrite cement in TAG-4 drill core, the long tail of lower fluid inclusion trapping temperatures in quartz (Fig. 5) , and only slightly to moderately altered basaltic basement at depth indicate that this part of the mound is outside the current high-temperature upflow (Petersen et al., 2000) , although primary fluid inclusions in quartz and oxygen isotope data indicate that temperatures reached 390°C at some point in the past (Alt and Teagle, 1998; Petersen et al., 2000) . Fluid inclusion trapping temperatures in quartz and anhydrite from TAG-2 are between 266°and 375°C, overlapping exit temperatures of 270°-301°C previously measured in the Kremlin Area (Edmond et al., 1995) . Samples from TAG-5 have trapping temperatures between 187°and 383°C (Tivey et al., 1998; Petersen et al., 2000) , however, a strong down-hole temperature increase indicates additional high-temperature upflow at the northern margin of the mound outside the Black Smoker Complex (Fig. 5 ). Using these data, samples of the drill core chosen for LA-ICP-MS have been assigned to three broad temperature regimes, namely the BSC, the hydrothermal mound, and the stockwork (Fig. 3) .
Subseafloor temperature regime
Bulk geochemistry
The trace element geochemistry of the deposit has been previously documented in 168 bulk samples of sub-surface sulfide-bearing drill core Hannington et al., 1998b; Miller, 1998: Table 2 ). High average Fe and S concentrations (32.6 wt% and 41.7 wt%, respectively) reflect the abundance of pyrite in all samples. Average Cu (2.7 wt%) and Zn (0.6 wt%) concentrations are lower than reported for many other mid-ocean ridge sulfide deposits, but this reflects a strong bias in sampling of active chimneys in other studies. As observed in other drilled deposits, Cu and Zn grades are almost always lower in the interiors of the mounds than in the surface chimneys (e.g., Petersen et al., 2016) . The highest Cu concentrations in the drill core from TAG (2.7-3.4 wt%) are found in the massive pyrite and anhydrite breccias (types 5, 6 and 7) in the TAG-1, 2, and 5 areas. The highest Zn (1.3 wt%) occurs in massive pyrite and pyrite breccias (types 5 and 6) in the TAG-4 area. Fouquet et al. (1998) and Herzig et al. (1998) identified a group of trace elements associated with Cu that were interpreted to be of high-temperature origin (i.e., Co and Se), and other elements associated with Zn in the outermost zones of the deposit that reflect lower temperatures (i.e., Ag, As, Sb, In, Tl, Ga, Pb, Cd, Au; Petersen et al. (1998 Petersen et al. ( , 2000 and Tivey et al. (1998) . Data are for quartz (blue) and anhydrite (red). Yellow stars show approximate locations of samples in this study. Arrows are exit temperatures of the Black Smoker Complex and the Kremlin area from Edmond et al. (1995) and Parker and von Damm (2005) . The Kremlin area is now inactive, so temperatures correspond to those at the time of mineralization. The shaded field in each plot corresponds to temperatures > 350°C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Methodology
Detailed petrography was carried out on all samples to establish the paragenesis of the sulfides and identify the different stages of pyrite growth in relation to previously published fluid inclusion data. Ten pyrite samples were etched with 70% nitric acid (HNO 3 ) to highlight growth textures and guide transects for LA-ICP-MS across multiple pyrite generations. Samples were coated with a thin film of HNO 3 for 30 s, rinsed with distilled water to remove residue, and then dried. The process was repeated as required. Details of the petrographic study are provided in Table 3 and discussed below.
Prior to LA-ICP-MS analysis, pyrite grains (and other minerals) were analyzed by EPMA (n = 454) to confirm the bulk composition and to provide data for standardization of the laser ablation results (Table B1) . Iron, Cu, Zn, and S were determined on a JEOL-8200 Superprobe at the GEOMAR Helmholtz Center for Ocean Research Kiel, Germany. Operating conditions were 15 kV accelerating voltage and 50 nA current with a 50 s count time. A natural chalcopyrite standard was used for Fe, Cu, and S, and a synthetic sphalerite standard for Zn.
LA-ICP-MS analyses were performed using a 193 nm Excimer laser ablation system (Coherent, GeoLasPro) coupled to a double-focusing, high-resolution magnetic sector mass spectrometer (Nu Instruments, AttoM) in low-resolution mode (300 Res, 10% valley definition) at GEOMAR. The instrument tuning was optimized to provide a maximum ion transmission and low polyatomic cluster production (ThO/ Th ≤ 0.02%; CuAr/Cu < 0.0025%) employing a very hot plasma (normalized argon index NAI ≈ 30) according to the method of Fietzke and Frische (2016) . Sample ablation was performed under He carrier gas with Ar transport gas added after the ablation cell. A short preablation to remove surface contaminants preceded each analysis. Spot analyses (n = 357) were performed with 30 s ablation at a laser repetition rate of 5 Hz, a beam diameter between 16 and 44 μm, and a fluence of 2 J cm −2 . A 50-s gas background was collected prior to each ablation. All analyzed spots were free of exsolution textures and visible micro-inclusions at the surface (limit of visual detection~1 μm). Each analysis consisted of three adjacent spot placements using a shallow sampling depth of approximately 10-12 μm, and the raw data for all three spots were integrated together. An advantage of this approach is the lower probability that unseen inclusions below the sample surface are inadvertently analyzed. Where evidence of submicroscopic inclusions was observed during ablation, this was noted but the depth profiles retained in order to estimate the contribution of inclusions to the trace element budget. Post-analysis inspection of all sample sites visually confirmed well-formed ablation pits and accurate placement of the laser. Table C1 ). The isotopes 24 Mg, 27 Al, and 29 Si were also monitored to check for potential contamination Average values from ODP Leg 158 Hannington et al., 1998b; Miller, 1998) by TAG areas (see text) and mineralized zones from Table 1 . Analytical methods: 1) ICP-ES, 2) XRF, 3) Leco, 4) INAA, 5) ICP-MS.
Table 3
Summary of petrographic data for samples in this study. and inclusions from surrounding silicate gangue minerals. 44 Ca was monitored closely to confirm that no anhydrite inclusions were sampled. A NIST-SRM 610 glass standard, which has certified values for all elements of interest, was used for calibration (Wise and Watters, 2012) . Fietzke and Frische (2016) have shown that fractionation effects commonly associated with different matrices are minimal for low entry of ablated material into very hot plasma used in this routine. For quality assurance, two synthetic sulfide reference materials (PGE_Ni7b and trans_1: Wohlgemuth-Ueberwasser et al., 2007 , 2014 were also included as unknowns in each analytical run and the elements As, Fe, Sb, Ni, Te, and Se monitored. MPI-DING glasses (ATHO-G, T1-G, GOR132-G, KL2-G: Jochum et al., 2006) were also analyzed to monitor quality. Data reduction and quantification of element concentrations was carried out using the linear slope regression method of Fietzke et al. (2008) . Known Fe concentrations from EMPA were used as an internal standard. Major element analyses from EMPA show the sulfides in this study were of stoichiometic composition. Detection limits were calculated in MatLab based on the measured background for each individual analysis.
Results
Mineral paragenesis
Pyrite
Pyrite is present throughout the deposit and formed over a wide range of temperatures and compositions, and at different stages of mound growth. Six paragenetic types are recognized with distinct textures: sub-rounded cores (Py I), colloform (Py II), porous (Py III), granular (Py IV), euhedral (Py V), and late overgrowths (Py VI). Etching shows complex zoning from core to rim.
Sub-rounded Py I cores revealed by etching (Fig. 6a) are the remnants of early pyrite overprinted by multiple later stages of pyrite growth. This texture is common in massive and semi-massive pyrite breccias, in pyrite-rich quartz and anhydrite breccias in the interior of the mound, and in altered basalt in the stockwork zone. Fine-grained colloform Py II (Fig. 6b) is most abundant in the lower-temperature outer portion of the mound (TAG-4 area), especially in massive sulfide crusts together with colloform marcasite and fine-grained sphalerite (Fig. 6c) . Colloform pyrite and marcasite are also common in cherty silica at the top of the deposit in the TAG-4 area, and in sulfide-rich chimney talus in the upper 5 m of the drill core from the TAG-1 and TAG-4 areas (cf. Humphries et al., 1996) . Porous Py III (Fig. 6d) occurs mainly in nodular aggregates of massive and semi-massive pyrite in the top 15 m of the mound (TAG-1). It is characterized by abundant pore spaces, mainly filled by silica and minor Fe-oxides, which may reflect late-stage leaching or seafloor weathering. However, porous Py III is similar to the sub-rounded Py I cores, and therefore may be part of the early high-temperature pyrite paragenesis in some samples (e.g., in the TAG-1 and TAG-5 areas). Granular Py IV (Fig. 6e) is most common in subhedral aggregates within quartz and anhydrite gangue and as vein selvedges in the interior of the mound below TAG-1; it is also abundant in silicified pyrite breccias from the TAG-2 and TAG-4 areas. Pyrite IV appears to be paragenetically equivalent to, or replaces porous Py III. Euhedral Py V has sharp, well-defined crystal boundaries and discrete well-formed euhedral shapes, commonly overgrowing Py III and Py IV in open spaces or at the margins of quartz veins (Fig. 6f) . It occurs throughout the mound and in the lower stockwork and altered basalt to a depth of at least~78 mbsf. Late Py VI (e.g. Fig. 6f ) is mainly an overgrowth on euhedral Py V. It is found in massive pyrite breccia near the surface in the TAG-1 area, near the bottom of the mound in the TAG-1 and TAG-5 areas, and in silicified pyrite breccia in the TAG-4 area. The close association with amorphous silica suggests that Py VI was mainly deposited during a late cooling stage. Commonly, euhedral Py V and later Py VI are separated by a fine-grained Fe-oxide and/or silica band.
Porous Py III and granular Py IV are the most abundant types volumetrically throughout the deposit. The clearest temporal distinction is between the early Py I sub-rounded cores and later colloform Py II and Py VI overgrowths. Porous and colloform Py II and III commonly show partial dissolution and are replaced throughout by granular Py IV and euhedral pyrite Py V. The positions of the samples in the mound are taken as an indication of the most likely temperature regime at the time of mineralization, and the textural relationships interpreted to reflect higher-and lower temperatures of mineralization (e.g., rounded cores, replacements, overgrowths) are consistent with those observed in active vents at the surface of the mound where the temperatures are well known (e.g., Rona et al., 1993a Rona et al., , 1993b Tivey et al., 1995) .
Marcasite
Marcasite is commonly intergrown with fine-grained colloform Py II as fine to coarse crustiform bands, especially in the TAG-4 area (Fig. 6b) , and also as coarse bladed crystals growing into veins and open spaces in the TAG-1 area (Fig. 6g) . Pyrite pseudomorphs of the original coarse bladed marcasite are also observed (Fig. 6g) . Knott et al. (1998) previously noted that some coarse tabular pyrite crystals contain small oriented and unoriented cores with a strained and cracked appearance typical of the volume change that occurs during replacement of marcasite by pyrite (Murowchick, 1992) . Thus, the majority of the marcasite is thought to be a remnant of earlier, relatively low-temperature mineralization overgrown and replaced by early fine-grained pyrite in the lower-temperature parts of the mound.
Sphalerite
In all samples from the upper part of the mound, sphalerite is intergrown with colloform Py II and marcasite and also occurs as oriented inclusions and rims on recrystallized euhedral Py V (e.g. Fig. 6h and i) . The lack of sphalerite in Py I, and its occurrence only as inclusions in Py III, IV, and VI, is consistent with a lower-temperature paragenesis in the outer part of the mound and (with Py V) in the latest stages of mineralization in the TAG-4 area.
Chalcopyrite
Chalcopyrite occurs mainly as a replacement of sphalerite and pyrite (Fig. 6j) in the higher-temperature core of the mound (TAG-1 and TAG-5 areas) and also as inclusions within later pyrite euhedra (Py V).
Other sulfides
Trace pyrrhotite and secondary Cu-sulfides are present. Galena was documented in a few core samples by Petersen et al. (2000) but was not found in any of the samples chosen for this study.
LA-ICP-MS data
Pyrite
We analyzed 260 pyrite grains. The ranges of trace element concentrations fall into 4 main groups: 100-1000 ppm, 10-100 ppm, 1-10 ppm, and 0.1-1 ppm (Table 4) . Elements with the highest concentration are Co (avg. 448 ppm, up to 6770 ppm) and Cu (avg. 132 ppm, up to 1900 ppm), which were above their respective detection limits in almost every analysis. Average concentrations of Zn, Pb, As, Mn, Mo, Ni, and Se are between 10 and 100 ppm, with notable outliers (up to 1893 ppm Zn, 1923 ppm Mn, and 1190 ppm As). Average concentrations of Ag, Tl, Sb, Cd, Ge, Te, and V are between 1 and 10 ppm (up to 102 ppm Ag, 152 ppm Tl, and 214 ppm Sb). Average concentrations of Bi, Au, Ga, In, Sn, V, W, and U are all < 1 ppm.
Depth profiles for Co, Se, (Fig. 7a) and Ni (Fig. 7b ) in pyrite are smooth and indicate that these elements are present mainly in lattice substitutions rather than as inclusions of other sulfides (e.g. Fig. 8a ). In contrast, profiles for Zn are irregular and likely reflect abundant sphalerite micro-inclusions in pyrite (Fig. 7c) . The ablation profiles for Mo are both irregular and smooth; at concentrations above~200 ppm, Table 1 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 4
Summary of LA-ICP-MS data (in ppm) for samples in this study.
All data in ppm Summary of LA-ICP-MS data for all trace elements analyzed in this study. '-' indicates no data above minimum detection limits; 'na' indicates data is not applicable (e.g. Fe was used for normalizing). Data are in ppm.
Mo appears to be present in inclusions, associated with Ag, Tl or V (e.g. Fig. 7d ), and below~200 ppm the ablation profiles are similar to Fe and other lattice-bound elements (e.g. Fig. 7b ). Ablation profiles for Cu are also irregular or smooth. The upper limit of lattice-hosted Cu in pyrite appears to be about~150 ppm; at higher concentrations, the ablation profiles are often spiky. Where Cu shows a positive co-enrichment with Zn, the profiles are irregular, likely indicating co-existence of chalcopyrite and sphalerite inclusions; where there is no Zn, , showing a large inclusion of chalcopyrite plus elevated Mo, Ag, and Pb. E) Ablation profile for sphalerite from sample 957M-3R-1-11 from TAG-4 (14.71 mbsf), showing smooth traces for Zn, Fe, Cu, Pb, Ag, and Sb, likely all present as lattice substitutions. F) Ablation profile for chalcopyrite from sample 957M-3R-1-11 from TAG-4 (14.71 mbsf), showing a Pb-bearing sphalerite inclusion. The inclusion of chalcopyrite in D is one of the largest observed in the LA profiles (up to 10 μm in size). More typical inclusions (e.g., sphalerite inclusion shown in C) are on the order of 2-4 μm. The sizes are estimated from the ablation times and average depth of the ablation pit (10-12 μm). the ablation profiles are typically smooth. Ablation profiles for Pb and Ag are often similar to Fe, even at the highest measured concentrations (Fig. 7d) . Because Pb is unlikely to substitute directly into the pyrite lattice in large quantities (see below), it is most likely hosted in pyrite as homogeneously distributed nano-scale particles. The concentrations of Pb and Ag are broadly correlated (Fig. 8a) , consistent with the presence of Pb-, Ag-, and potentially Sb-and As-bearing sulfosalts or galena, particularly in colloform Py II (e.g. Fig. 8b ). Colloform Py II has significant spikes in Sb, indicating the presence of Sb-bearing inclusions; however, in other pyrite types ablation profiles for Sb are smooth, even at concentrations up to the maximum measured (214 ppm), suggesting it is lattice-bound or as nano-scale inclusions. Thallium and Mo are also correlated, indicating they may be incorporated into pyrite by similar mechanisms (Fig. 8b) . The majority of the ablation profiles for Tl are smooth, particularly in Py I and Py V (Fig. 8a) , and therefore likely represent Tl in the pyrite lattice. However, in Py II and Py V, there is a strong positive association of Tl with elements commonly found in sulfosalt inclusions (Ag, Sb, Pb: Table A1 .2). Ablation profiles for Cd, Ga, and In indicate that they are likely attributable to microinclusions of sphalerite, but the profiles for As indicate that it may be either lattice-bound in pyrite or in micro-inclusions of sphalerite (e.g. Fig. 7c ). The early Py I cores have the highest concentrations of Co, Cu, Ni and Se and low concentrations of Zn, Ag, Tl, and Mn, particularly in the TAG-5 area. Fine-grained colloform Py II has distinctly higher concentrations of Zn, Pb, Ag, Tl, Ge, ± As, ± Mn, ± Mo, ± V, ± U compared to early Py I cores in the same samples, and the lowest concentrations of Co, Se, Te, and Bi (Fig. 9) . Porous Py III and granular Py IV are variably enriched in Zn, Pb, Ag, Tl, Ge, ± As, ± Mn (Fig. 9 ) but also contain high Co and Se, which may have been inherited from earlier Py I. However, Py III has higher Pb and As, and Py I contains more Sn and Ni, confirming their different paragenesis. Euhedral Py V is notably enriched in Zn, Pb, Sb, As, and Mn, consistent with lower temperatures of formation and the presence of micro-inclusions of sphalerite and possibly Mn-oxides. Euhedral Py V also has the highest concentrations of Sb among all pyrite types (Fig. 9 ). Fig. 10 shows several transects beginning in Py I cores and crossing multiple stages of Py V and ending in Py VI. It shows the increase in Ag, Sb, and Mn and decrease in Co from core to rim, with the most recent Py VI overgrowths being strongly depleted in these elements.
Marcasite
Twenty eight marcasite grains were analyzed in samples from the TAG-1 and TAG-4 areas. The marcasite compositions most closely resemble those of colloform Py II (Fig. 9) , except for lower Mn and Tl. Marcasite is enriched in Zn (avg. 201 ppm, up to 1338 ppm), and Pb, Ag, As, Mo, and V are generally higher than in pyrite. Average concentrations of Cu, Co, and Se are low (Fig. 9) . Ablation profiles for trace elements in marcasite indicate Co, Se, and Ni are likely lattice-bound, as in pyrite. Copper concentrations below~115 ppm have relatively smooth ablation profiles, similar to lattice-bound Co and Fe, and above 115 ppm, Cu profiles are irregular and are associated with Zn (e.g. Table A1 .3). All Zn analyses have irregular profiles in marcasite and a co-enrichment of Cd and Ga, confirming the presence of sphalerite inclusions (see below). Arsenic appears to be partly lattice-bound but also mimics the spiky Zn ablation profile in some analyses. Lead concentrations above~70 ppm show irregular ablation profiles, likely from Pb-and Ag bearing inclusions; below 70 ppm, Pb has a relatively smooth profile and may be hosted within the marcasite lattice or is present as nanoparticles. Thallium and Ag follow Pb where the ablation profiles are smooth. Otherwise, an association of Ag + Pb (and also As+Sb), with maximum concentrations of 176 ppm Ag and 15.2 ppm Sb, likely indicates Ag + Pb(+Sb + Tl?) sulfosalt inclusions. At concentrations above~200 ppm, Mo profiles are spiky and likely indicate the presence of unknown Mo-bearing inclusions; below~200 ppm, Mo is probably lattice-bound or adsorbed onto the mineral surfaces. Concentrations of Au, In, Sn, Bi, Ni, U, and W are mostly at or below detection.
Sphalerite
Nineteen sphalerite grains were analyzed to identify the likely trace elements associated with sphalerite inclusions in pyrite. Sphalerite with visible chalcopyrite 'disease' was avoided. Sphalerite from the outer margins of the mound (TAG-2 and TAG-4 areas) contains 0.79 to 10.19 mol% FeS (avg. 4.39%; Table 4), and is highly enriched in Cd (avg. 1202 ppm, up to 2615 ppm) and Cu (avg. 1364 ppm, up to 3023 ppm). The maximum Cu content is within limits of CuS solubility in sphalerite (Kojima and Sugaki, 1985) , and Fe and Cu show no correlation (e.g. Table A1 .4) suggesting that sub-microscopic chalcopyrite inclusions were not present in most analyses. Average concentrations of Ge, Ga, and Pb are in the range of 100-1000 ppm, with up to 900 ppm Ge, 1135 ppm Ga, and 505 ppm Pb. Average concentrations of Ag, As, Mn, In, Sb, Co, and Ni are in the range 10-100 ppm with outliers of 185 ppm Ag and 141 ppm As. Average concentrations of Mo, Sn, And V are in the range of 1-10 ppm. Bismuth, Au, W, Tl, and U concentrations are < 1 ppm on average; Se was not detected and only one analysis reported 1.8 ppm Te. Lead, Ag, As, Sb enrichment most often reflect inclusions of galena and/or Pb-bearing sulfosalts, but some smooth ablation profiles also indicate these elements may be lattice-bound or present as nano-scale inclusions of galena and sulfosalts (Fig. 7e) . Manganese, Cd, Ga, Ge, and In are present in the sphalerite lattice. They have mostly smooth ablation profiles, although analyses of chalcopyrite (see below) confirm that Ga, Ge, In, and Sn may also be present in very fine-grained inclusions of chalcopyrite. Gallium is negatively correlated with Mn and Fe and positively correlated with Zn and Cd. Concentrations of In in sphalerite correlate negatively with Fe (the highest In is in low-Fe sphalerite; Fig. 13 ), and the ablation profiles closely match those of Cu, which may indicate a coupled Cu-In substitution for Zn (e.g., Schwarz-Schampera and Herzig, 2002; Cook et al., 2011) . Trace Sn correlates with In and Cu in sphalerite, and also may be partly present in chalcopyrite inclusions. 
Chalcopyrite
Fifty chalcopyrite grains in samples from the TAG-1, TAG-4, and TAG-5 areas were analyzed. The average concentration of Zn is 192 ppm, with a maximum of 1967 ppm. Two samples with 1348 and 1422 ppm Zn have smooth ablations profiles similar to Cu and Fe, implying lattice-bound Zn similar to that described by Huston et al. (1995) . The concentrations are at the high end of known Zn solubility in chalcopyrite (Kojima and Sugaki, 1985) , but the other trace elements that would be expected in sphalerite inclusions (i.e., Cd or Ga) were not present in abundance. Other samples clearly have sphalerite inclusions (Fig. 7f) . Average concentrations of Co, Se, Ni, Sn, Ga, and Ge are in the range of 10-100 ppm, with up to 251 ppm Co, 852 ppm Se, 40 ppm Ni, 232 ppm Sn, 184 ppm Ga, and 75 ppm Ge. Average concentrations of Ag, In, As, Cd, Mn, In, Mo, Te, U, and V are in the range of 1-10 ppm, although concentrations of Ag and In reach 56.9 ppm and 52.8 ppm, respectively. Average concentrations of Bi, Au, Sb, Tl, U, and W are < 1 ppm. The ablation profiles of Co, Se, Te, Mo, Ge, In, and Sn are all smooth, indicating that they are present mainly as substitutions in the mineral lattice (e.g., Co and Sn for Fe; In for Cu: Huston et al., 1995) . Most of the Ag and As is also hosted in solid solution in chalcopyrite (e.g., Ag for Cu; As for Fe : Cabri, 1992 
Downhole trace element distributions in pyrite
The downhole distribution of selected trace elements is shown in Fig. 11 , and summarized by pyrite type in Fig. 12 . Early Py I cores from the upper 15 m of the outer portions of the mound (TAG-4 area) contain trace Pb, Zn, Cu, Ag, and Mn, and less Co, Se, and Bi compared to samples from the interior of the mound to the base of the stockwork zone. Colloform Py II is restricted to the upper part of the TAG-4 area and has variable trace element contents within single samples, particularly inclusion-hosted Cu, Zn, Pb, Tl, and Ag. Porous Py III is restricted to below~15 mbsf in the interior of the mound and stockwork zone and also has variable trace element contents depending on location and depth in the mound; Co, Se, As, Mo, Ni, and minor Te increase from~15 mbsf to the base of the mound (especially in TAG-5), and then Co, Se, and Ni increase to the base of the stockwork zone (Fig. 12) . Manganese and Tl also decrease in Py III from the upper mound to the base of the mound but are rarely detected in the stockwork zone. Granular Py IV is enriched in Zn, Sb, Tl, Pb, and Ag in the outer portions of the mound (TAG-2 and 4 areas) but contains higher Co, Se and Ni in the interior of the mound and base of the stockwork zone. In Py V, there is also an increase in Co, Se, and Ni at the base of the mound, where low-temperature and seawater-saturated conditions are no longer present, accompanied by a decrease in Zn, Mn, and Pb-Ag-Sb-bearing sulfosalt inclusions. Pyrite VI overgrowths show similar trace element enrichments depending on its location in the mound; Zn, Cd, and Pb decrease in abundance from the top to base of the mound, and Co and Se increase downhole (Fig. 12) . Lead, Ag, Mo, V, and Sb are concentrated in Py VI in the more distal and lower-temperature parts of the mound (i.e., TAG-4 area).
Discussion
The pyrite chemistry is a remarkably good model of the chemistry of the entire deposit, and the detailed paragenesis allows us to comment on the timing and conditions of enrichment of the trace elements. The trends are broadly similar to the downhole variations in bulk geochemistry described by Fouquet et al. (1998) and Herzig et al. (1998) . Sub-seafloor variations in trace element concentrations compared to surface samples are confirmed by comparison with published data on pyrite from the surface of the TAG mound (Fig. A1) . Early-formed, Py I cores are enriched in elements associated with the highest-temperature stages of mound growth and are geochemically distinct from the other types of pyrite. Colloform Py II and marcasite are enriched in elements associated with lower-temperature hydrothermal upflow. However, recrystallization, replacement, and overgrowths, which reflect the waxing and waning of hydrothermal fluid flow through the mound and stockwork complex, can either expel trace elements or lead to inheritance from one paragenetic stage to another (e.g., Large et al., 2007) . By comparison with earlier stages, porous Py III is relatively depleted in trace elements and inclusion-poor, whereas granular Py IV and euhedral Py V are variably enriched in trace elements and inclusions depending on where in the deposit they formed. Late overgrowths of Py VI appear to be mainly enriched in elements from a recent waning stage of hydrothermal activity associated with the deposition of abundant amorphous silica.
Elements associated with the highest-temperature upflow today, particularly Co and Se, and to a lesser extent Mo and As, are enriched in the earliest preserved pyrite. The concentrations increase from the top to the bottom of the stockwork zone. Numerous studies have shown that Co and particularly Se are strongly partitioned into pyrite at high temperatures (> 300°C) and moderately to strongly reduced conditions (e.g., Yamamoto et al., 1984; Huston et al., 1995; Auclair and Fouquet, 1987; Hannington et al., 1999a Hannington et al., , 1999b Maslennikov et al., 2009 Maslennikov et al., , 2017 Revan et al., 2014; Genna and Gaboury, 2015; Keith et al., 2016) . Low concentrations of other trace elements in this pyrite suggest that they were either depleted in the earliest high-temperature fluids, were never precipitated (i.e., the fluids did not cool to the point of saturation and Massive py and py bx (sub-types 5-6) Massive py-anh bx (sub-type 7) Py-sil-anh breccias (sub-type 8) Py-sil and wallrock bx (sub-types 9 and 10a) Chloritized basalt and footwall (Table 3) . Mineralization types in the log are detailed in Table 1 .
TAG-5
TAG-1 TAG-2
Basal Elements enriched in pyrite at low-temperatures (Sb, Mn, As, Au, In, Cd, Zn, Mo, Pb, Ag, Tl, V) have their highest concentrations in the upper~15 mbsf and increase laterally outwards towards the margins of the mound. Elements enriched in pyrite at higher temperatures (Co, Cu, Se, Ni, and Bi) increase in concentration from the surface to base of the mound and decrease laterally outwards. In a narrow zone at the base of the mound (transition from the mound to the stockwork), pyrite shows distinct trace element enrichments (Sn, Se, As, Te, Mo, Co, and Bi) and depletions (Pb, Zn, Mn, and Ag). Cobalt, Cu, Se, Ni, and Bi increase from the base of the mound to the bottom of the stockwork zone. the elements were lost to the high-temperature vents), or were stripped from the pyrite during later hydrothermal stages. Some of the coarsegrained pyrite has a large secondary porosity, and low concentrations of trace elements may be due to leaching and strong remobilization. During multiple episodes of zone-refining at TAG (i.e., over-refining, described by Hannington et al., 1998a) , recrystallization of lowertemperature and inclusion-rich pyrite and marcasite liberated trace elements such as Mn, Zn, Cd, Pb, Ag, and Ga that were reincorporated into sulfides at the cooler outer margins of the deposit. Silver shows a distinctly bimodal distribution in pyrite; it is enriched in pyrite from the lower-temperature outer parts of the mound but also in pyrite from the higher-temperature interior of the deposit, reflecting different aqueous complexing of silver at different temperatures (e.g., Hannington et al., 1995: see below) .
Elements associated with lower-temperatures are abundant in pyrite with colloform textures (Py II) and in co-existing marcasite, especially in the top 15 m of the deposit (Table 3 ). The colloform textures are interpreted to indicate rapid, non-equilibrium precipitation, primarily as a result of hydrothermal fluid and seawater mixing (e.g., Large et al., 2007 Large et al., , 2009 Maslennikov et al., 2009 Maslennikov et al., , 2017 . Marcasite, in particular, is rarely formed at temperatures above~240°C (Murowchick and Barnes, 1986) . As a result Py II and marcasite are typically inclusion-rich and have high concentrations of trace elements compared to more crystalline, coarser-grained Fe-sulfides (Fig. 9) . A notable feature of colloform pyrite, marcasite, and also euhedral Py V, are high Mn concentrations compared to other pyrite stages. These minerals had the greatest exposure to seawater and contain the most Mn and V. Due to the high solubility of Mn in reduced hydrothermal fluids, migrating solutions have the potential to transport Mn farther than many other trace elements, where it may be precipitated directly at low temperature or adsorbed onto surfaces of colloform Fe-sulfides (e.g., Gammons and Seward, 1996; Large et al., 2007) . Other trace elements commonly adsorbed from seawater, such as V and U, are also enriched (e.g., Butler and Nesbitt, 1999; Melekestseva et al., 2014; Keith et al., 2016; Melekestseva et al., 2017; Wang et al., 2017) . Manganese in late euhedral Py V was likely also scavenged from hydrothermal fluid by slowly growing pyrite crystals in late stage open spaces, particularly near the top of the deposit (Fig. 8c) .
Trace element correlations and principal components analysis
Pearson correlation coefficients for the trace elements in pyrite (Table 7) .
show a correlation between Co and Se, reflecting the chemistry of the early Py I cores. Molybdenum has a significant correlation with V and Mn, reflecting the chemistry of colloform Py II and the strong redox behavior of these elements (e.g., Monecke et al., 2016) . There is also a positive correlation of Zn, Cd, In, and Ga which belong to the population of trace elements associated with inclusions, especially in Py II and Py V. Lead, Ag, Ge, and to a lesser extent As, Sb, and Tl are strongly correlated, reflecting the chemistry of galena and sulfosalt inclusions in Py II, Py IV, and Py V. Tin is correlated with In and Ge in Py I but also with Ga, Te, and Au, typical of late Py VI overgrowths. There is a weak positive correlation of Bi with In, Co, and Se, but the Bi concentrations are generally very low in all pyrite types.
Principal components analysis (PCA) identifies the high-and lowtemperature groupings of elements observed in both the bulk geochemical data and in the pyrite LA-ICP-MS data. These include positive loadings on Factor 1 for Co, Se, and S in the bulk sulfide geochemistry, and negative loadings for Sb, Mn, As, Ga, In, Cd, Zn, Pb, Tl, Au, Ag, and V (Table 5) . Germanium, Ni, and SiO 2 in the bulk samples form a distinct group with positive loadings on Factor 2, reflecting the highertemperature silicification in the interior of the mound, whereas negative loadings for As, Tl, Mo, Mn, and U in the bulk samples reflect lower-temperature mineralization. Positive loadings on Factor 3 for Zn, Cd, and Tl correspond to sphalerite and marcasite mineralization; negative loadings for Ge, In, As, Sb, Mn, Au, V, and U correspond to lowtemperature pyrite. Positive loadings on Factor 4 for Cu, Ge, and In corresponds to higher-temperature chalcopyrite mineralization (Table 5 ). The same factors are evident in the PCA of the pyrite laser ablation data (Table 6) : positive loadings for Zn, Cd, Ga, In, Ag, Pb, Tl, Au, Mo, and V (lower-temperature Py II) and negative loadings for Se and Co on Factor 1 (high-temperature Py I); positive loadings for Ge, Pb, Ag, and Tl on Factor 2 (lower-temperature Py II, V and VI) and a separate grouping for Au, In, and Ga associated with later overgrowths (Py VI); positive loadings for Mo, Tl, V, U, W, and Ni on Factor 3 (seawater-dominated elements in low-temperature Py II and Py V); positive loadings for Ag, Au, Pb, Mn, Tl, and Sb on Factor 4 (lowertemperature Py II and Py V), and Co, Se, Bi, Sb, and As on Factor 5 (porous Py III from the center of the mound).
Mineral and trace element balances
The proportions of the different trace elements in pyrite (and in other sulfide minerals) were calculated from a combination of the LA-ICP-MS data and a normative recalculation of the bulk geochemical assays from ODP Leg 158 (Table 7 and Fig. 14) . Pyrite hosts > 60% of For each individual trace element, average concentrations for each pyrite type were calculated, multiplied by the % abundance of each pyrite type as estimated from petrography (Table 9) , and expressed as a percentage of the total contents of each individual trace element in pyrite overall, weighted by pyrite type abundance. Data are tabulated in Table D1 .
Table 5
Results of principal components analysis of bulk-geochemical data summarized in Table 2 . Combined datasets of Fouquet et al. (1998) , Hannington et al. (1998a ), and Miller (1998 . Factor loadings are ordered according to the percentage of the total variance in the dataset.
the total As, Sb, Pb, Tl, Au, Ge, Cd, In, Ga, Mo, Te, V, U, W, and Mn, and > 95% of the Co, Se, Ni, Sn, and Bi, but it accounts for only a small proportion of Zn and Cu (0.9 and 0.3%, respectively). Marcasite accounts for significant Au, plus In, Sb, Tl, and W. Chalcopyrite is the dominant sulfide host for Sn and In, plus notable Ge, Ag, Ni, Te, Au, and Ga. Irregular ablation traces for Zn indicate that within chalcopyrite, co-associated Ga (Table A1 .4) is most likely in sphalerite inclusions, however recent work by George et al. (2018) shows that chalcopyrite can host tens of ppm Ga in the presence of recrystallized sphalerite. Sphalerite accounts for nearly all of the Cd, but only 50% of the Ga and < 25% of the Ge and In. The proportions of the trace elements in different stages of pyrite growth were estimated from the modal abundance of pyrite in the different paragenetic stages (Table 9 ) and are summarized in Fig. 15 . The results illustrate the timing of different trace element enrichments and depletions through the growth of the deposit. The earliest Py I accounts for < 1% of the total trace element budget of pyrite, even though concentrations of Co and Se in Py I are high (Fig. 15) . Low-temperature colloform Py II accounts for 6% of the trace element budget. The most abundant pyrite types, porous Py III and granular Py IV, account for 26% and 39% of the total trace element load, including the highest proportions of Cu, Co, Se, Ni, Sn, Bi, Te, As, Ga, Ge, Mo, Ag, U and W (Table D1) . Late-stage euhedral Py V accounts for 19%, including 70% of the Mn and 53% of Sb. The latest Py VI accounts for only 9% of the trace elements in pyrite. These data indicate that relatively few trace elements are deposited in the earliest stages of deposit growth, except for Co and Se, which are strongly partitioned into pyrite at high temperatures. Most trace elements may be lost to the high-temperature hydrothermal discharge at this stage. The majority of trace elements are deposited in pyrite during the main stage of mineralization (Py III and IV), even though pyrite is abundant in earlier and later stages, and only certain elements linked to seawater are enriched in pyrite during the latest stages.
Mechanisms of incorporation of trace metals
Enrichments of As, Sb, Tl, Mo, Zn, Ga, Ge, Cd, In, Au, Pb, Ag, Sb, Table 6 Results of principal components analysis of the pyrite LA-ICP-MS data summarized in Table 4 . Factor loadings are ordered according to the percentage of the total variance in the dataset.
Table 7
Calculated proportions of trace elements in sulfides in the TAG mound.
Total ( Table 2 ). Sulfur was assigned in the following order: first anhydrite, then chalcopyrite, sphalerite, pyrrhotite, and galena. Remaining sulfur was then assigned to pyrite and marcasite. The calculation assumes that all Ca is present in anhydrite, all Cu is in Cu-(Fe-) sulfides, all Zn is in sphalerite, and all Pb is in galena. Stoichiometric compositions were used for each mineral. The proportion of marcasite to pyrite was estimated from the petrographic study (Table 3) . Using the average compositions of the trace elements in different minerals from LA-ICP-MS data, a mass balance was calculated for each element. The results are summarized in Fig. 15 . Abbreviations: Py = pyrite, Mc = marcasite, Cpy = chalcopyrite, Sph = sphalerite, Po = pyrrhotite, Cv = covellite, Bn = bornite, Dg = digenite, Pb-S = galena, bdl = all analyses below detection limit.
Mn, V, and U in the lowest-temperature Py II, Py VI, V and marcasite are interpreted to reflect a combination of lattice-bound elements (As, Sb, Tl, Mo), elements in micro-inclusions of sphalerite (Zn, Ga, Ge, Cd, In, Au; Table A1 .2), elements in micro-inclusions of sulfosalts or galena (Pb, Ag, Sb), and elements adsorbed onto Fe-sulfide surfaces (Mn, V, U, Au?). Enrichments of Co, Cu, Se, Ni, ± Sn, ± Te, and ± Bi in highertemperature Py I, III, and IV are interpreted to reflect a combination of lattice-bound elements (Co, Se, ± Te, ± Ni) and elements in micro-inclusions of chalcopyrite (Cu, ± Sn, ± Te, ± Bi; Table A1 .5). Some of the processes inferred for the incorporation of these elements in pyrite and other sulfides are summarized in Table 8 (Huston et al., 1995) . Se 2− and Te 2− substitute for sulfur (e.g. Maslennikov et al., 2009 . Pb 2+ is least likely to be incorporated into the Fe-sulfide crystal lattice because of its large ionic potential (Z/r ratio), and Pb is mainly present as micro-inclusions of galena or Pb-bearing sulfosalts.
Elements that are mainly present in micro-inclusions are most likely to be controlled by the solubility of the inclusion phase. Elements that are contained in chalcopyrite (e.g. Bi) were likely incorporated in pyrite that formed at high temperatures where chalcopyrite was forming; those contained in sphalerite (e.g., Cd and Ga) were incorporated in pyrite only at temperatures below sphalerite saturation. Other elements probably reflect saturation of complex sulfosalts at different temperatures; for example, Hackbarth and Petersen (1984) showed that lowtemperature sulfosalts are generally enriched in Sb, Pb, and Ag, whereas higher-temperature end-members are commonly enriched in As and Cu. This is consistent with the higher As and Cu contents of Py V compared to Py II. Whereas large micro-inclusions are easily identified in LA-ICP-MS profiles (Fig. 7) , nanoparticles (< 200 nm) are smaller than the smallest increment of ablation and thus present a smooth profile indistinguishable from a lattice substitution. Particles of this size can be important carriers of trace elements in sulfides (e.g., Palenik et al., 2004; Deditius et al., 2011; Hough et al., 2011; Mikhlin et al., 2011) and may be identified by co-enrichment of elements that occur together in specific mineral phases (e.g., Cd and Zn in sphalerite) or would not be expected to substitute directly into the pyrite structure (e.g., Pb in pyrite). The extent to which nanoparticles follow equilibrium processes remains uncertain. However, it is assumed that, like larger inclusions, their formation is dependent on aqueous solubility of the metals in the fluids from which they formed (Deditius et al., 2011; Gartman and Luther III, 2013) , and therefore offer a means to constrain both fluid chemistry and temperatures of mineralization where pyrite is the only well-constrained mineral.
At the lowest-temperatures of pyrite formation (colloform Py II, late euhedral Py V, and marcasite), the incorporation of trace elements may be largely controlled by surface processes, especially elements with strong redox behavior (e.g., Au, V, Mo, Ni, U). Adsorption of charged ions occurs at sites of high positive or negative charge density caused by structural abnormalities such as lattice defects or distortions and fracture planes (Bebie et al., 1998a; Gregory et al., 2014) , and is promoted by pH changes that can destabilize aqueous complexes of metals such as during hydrothermal fluid and seawater mixing. Pyrite surfaces are thought to have strong reducting capabilities and, once fixed, the very low solubility of some redox-sensitive elements such as V and U ensures that they are retained by the pyrite (Wersin et al., 1994; Butler and Nesbitt, 1999 (Jean and Bancroft, 1986; Widler and Seward, 2002; Wesolowski et al., 2004) . If we assign different elements to different mechanisms of incorporation -Co, Se, and Ni, (direct lattice substitution); Zn, Cd, Ga, Ge, In, Sn, Au, Pb, Ag, and Bi (inclusions), Te, Mo, Tl, As, Cu, and Sb (both lattice substitution and inclusions); Mn, W, V, U (adsorption) -we Bold type indicates the most abundant element in a certain sulfide phase, and italics indicate a trace component. See Section 6.3 for discussion. Suggested substitutions are from Scott and Barnes (1971) , Roberts (1982) , Harris et al. (1984) , Fouquet et al. (1988 ), Cabri (1992 , Huston et al. (1995 Huston et al. ( , 1996 , Butler and Nesbitt (1999) , Todd et al. (2003) , Maslennikov et al. (2009 ), Cook et al. (2009 , Cook et al. (2012) , Grant et al. (2015) , Wohlgemuth-Ueberwasser et al. (2015) , George et al. (2016) , Maslennikov et al. (2017) , Wang et al. (2017) , Wu et al. (2016) , George et al. (2018) .
can make a first-order estimate of the relative importance of each mechanism based on the abundances in each pyrite type (Table 9) . Pyrite formed at the highest temperatures (Py I, III, IV) has the greatest proportion of trace elements as lattice substitutions: 61 to 79% of trace elements in these pyrite stages are hosted as lattice substitutions. In low-temperature colloform Py II, only 6% of the total trace elements are hosted as lattice substitutions, compared to 47% as inclusions. Total trace element concentrations in Py V and Py VI are lower overall but mainly hosted by lattice substitution. Pyrite II and Py V incorporate the largest proportion of trace elements by surface adsorption (4 and 6%, respectively).
Implications for aqueous complexing of trace metals
All of the mechanisms for incorporation of trace elements into pyrite share a dependence on the original aqueous complexing of the metals in the fluids. The major base metals, Cu, Zn, and Pb, and trace elements In, Cd, Mn, and Ag are transported as neutral to weakly-charged chloride complexes in high-temperature saline hydrothermal fluids (Gammons and Seward, 1996; Wood and Samson, 1998; Suleimenov and Seward, 2000; Schwarz-Schampera and Herzig, 2002; Wood and Samson, 2006; Bazarkina et al., 2010) . At lower temperatures, aqueous chloride complexes of other metals such as Pb, Ag, In, and Mn, are also stable. Manganese solubility is the highest. The enrichment of Co in early Py I and in Py III at the base of the mound and in the high-temperature stockwork zone is consistent with aqueous transport mainly as chloride complexes in acidic, reduced, saline fluids above 300°C (Liu et al., 2011; Migdisov et al., 2011) . Both Cu and Co show a dramatic decline in the stability of their aqueous chloride complexes below 250°C (Mountain and Seward, 2003; Liu et al., 2011) . The enrichment of Se in pyrite is mainly controlled by the ΣSe/S ratio of the hydrothermal fluid, but the strong temperature and pH dependence of the dissociation of H 2 Se results in near complete removal of Se from the fluid phase above 300°C (Huston et al., 1995; Hannington et al., 1999b; Layton-Matthews et al., 2008) . The high temperature required to mobilize Se means that it will also be highly immobile in pyrite even after extensive recrystallization (e.g., Large et al., 2007; Thomas et al., 2011; Genna and Gaboury, 2015) . Nickel concentrations in most of the TAG pyrite are unexpectedly low, considering the mafic footwall of the deposit. Nickel is only present in the high-temperature Py I cores and granular Py IV and is depleted in lower-temperature stages, as has been noted in other seafloor massive sulfides (e.g., Houghton et al., 2004; Maslennikov et al., 2009 ). This may reflect the lower solubility of Ni as chloride complexes compared to Co at the same temperature (Liu et al., 2012) . In contrast, Mo is found in pyrite throughout the TAG deposit, including in low-temperature marcasite and pyrite (Py II and Py V) and highertemperature paragenetic stages (e.g., Py I and Py III). High Mo concentrations in granular Py IV from the top of the mound may be inherited from earlier marcasite. : Seyfried Jr. et al., 2003; Minubayeva and Seward, 2010; Williams-Jones and Migdisov, 2014) , which could account for Mo enrichment in all stages of pyrite. The somewhat different behavior of As and Sb in TAG pyrite suggests differences in aqueous speciation as well as differences in partitioning into the pyrite structure. Antimony concentrations are highest in lower-temperature (<~250°C) pyrite towards the cooler outer margins of the deposit in the TAG-2 and TAG-4 areas. Arsenic is found in pyrite throughout the deposit. Arsenic and Sb are mainly transported as neutral hydroxide complexes [e.g., Sb(OH) 3 0 and As(OH) 3 0 ] in lowsulfur hydrothermal solutions (Wood and Samson, 1998) , although reduced sulfur and thioarsenite or thioantimonite species [i.e., H 3 (As,Sb)S 3 and (As,Sb)(HS) 3 ] may contribute at low temperatures (Seward et al., 2014) . Pokrovski et al. (2006) also found that mixed hydroxide-chloride complexes, particularly for Sb, may be important. Like Mo, this may account for the wide range of enrichments in different stages of pyrite growth. Germanium also forms oxyanions, such as H 2 GeO 4 0 and is transported under conditions similar to Mo, As, and
Sb Samson, 1998, 2006) . Compared to Mo and As, which partition strongly into pyrite at all temperatures, Ge partitions more strongly into sphalerite and chalcopyrite (Fig. 14) . Seward et al., 2000) , and thus In is incorporated into both chalcopyrite inclusions in high-temperature pyrite and in sphalerite inclusions in lower-temperature pyrite. Tin is most effectively transported as a chloride complex in acidic, reduced hydrothermal fluids at high temperatures (Heinrich and Eadington, 1986; Heinrich, 1990) and is most abundant in pyrite containing micro-inclusions of chalcopyrite, in particular at the transition from stockwork to hydrothermal mound. This is similar to the behavior of Sn observed in many ancient seafloor massive sulfide deposits (e.g. Huston et al., 1995; Hannington et al., 1999a; Grant et al., 2015) . Although Bi is present at very low concentrations, it was detected in high-temperature Py I cores and chalcopyrite from the base of the mound. This is consistent with its transport mainly as hydroxide complexes that require temperatures up to 400°C (Tooth et al., 2013) .
Silver may be transported both as chloride and bisulfide complexes depending on the temperature, redox conditions and availability of ligands (Seward, 1976; Gammons and Seward, 1996) . In seafloor hydrothermal systems, Ag is mainly transported as a chloride complex (AgCl 2 − ) at high temperatures, similar to Cu, In, and Sn, and as a bisulfide complex [(Ag(HS) 2 − ] at low temperatures (e.g., Hannington, 1993; Huston et al., 1996; Grant et al., 2015) , spanning the full range of mineralization temperatures documented at TAG. Lower-temperature and more oxidized conditions (e.g., in the TAG-2 area at the top of the mound) favor the precipitation of Ag in micro-inclusions of sulfosalts or galena in Py II, Py V, and marcasite, whereas higher-temperature and more reduced conditions favor incorporation in chalcopyrite by lattice substitution (Huston et al., 1996; Grant et al., 2015) . The presence of up to 4.5 ppm Au in pyrite from the TAG 2 area mainly reflects low-temperature transport under weakly acidic to acidic pHs and destabilization of AuHS 0 complexes by mixing and cooling (Williams-Jones and . High concentrations of Tl in marcasite, colloform Different elements were assigned to different mechanisms of substitution: Co, Se, and Ni (direct lattice substitution); Zn, Cd, Ga, Ge, In, Sn, Au, Pb, Ag, and Bi (inclusions); Mo, Tl, As, Cu, Te, and Sb (mixed lattice substitution and inclusions); Mn, W, V, and U (adsorption). The proportions of all elements by mechanisms of substitution were determined for each individual trace element by calculating average concentrations for each element by pyrite type, and expressing the trace element contents for each substitution method (e.g. all Co, Se, and Ni hosted by lattice substitution in Py I) as a percentage of the total overall trace element concentrations for each pyrite type.
pyrite (Py II), and euhedral pyrite (Py V) are consistent with observations in other seafloor hydrothermal systems and are considered a strong indication of low temperatures of formation (100°-250°C: e.g., Wang et al., 2017) . At TAG, there is little or no Tl in the higher-temperature pyrite stages (Py I and Py III) and notable enrichment only in Py II in the TAG-4 area. In saline hydrothermal fluids, below < 200°C, Tl is transported as the free ion Tl + and the neutral species TlCl 0 , however at the temperatures (> 200°C) inferred for most parts of the deposit (Fig. 5) , the dominant Tl species is TlCl o (Bebie et al., 1998b) .
Pyrite chemistry as a proxy for fluid compositions
Pyrite chemistry has been widely studied as a proxy for fluid compositions in hydrothermal ore deposits since the first trace metal analyses were possible (e.g., Se, Ni, and Co in pyrite: Loftus-Hills and Solomon, 1967) and more recently in ancient VMS deposits and some black smoker systems (e.g., Auclair and Fouquet, 1987; Huston et al., 1995; Mills, 1995; Houghton et al., 2004) . In a simple calculation using the measured Fe concentration of the end-member fluid at TAG, we estimated the amount of fluid needed to precipitate 1 kg of pyrite and then calculated the minimum concentrations of the other elements in the fluid required to account for their concentration in the pyrite (Table 10 ). The assumptions are that all of the Fe in the fluids is precipitated in pyrite and that the precipitation efficiency is the same for all elements (i.e., all elements are equally partitioned into pyrite in proportion to their concentrations in the fluid). Calculated fluid concentrations that are higher than expected imply a partition coefficient > 1. The calculations show good agreement with measured vent fluid concentrations for Mo, Ag, Sb, Tl, and Au, which suggests that most of these elements in the TAG fluids are deposited only in pyrite. Higher than expected concentrations of Co, As, and Se (compared to EPR endmember fluid) are partly explained by higher concentrations of Co in the TAG fluids but also likely reflect the strong partitioning of all three elements into pyrite. Estimated concentrations of Cu, Zn, Cd, and Pb needed to precipitate these elements in pyrite are lower than the measured concentrations in the fluids because these elements are partitioned into other minerals. Lower than expected concentrations of Ni, Mn, Ag, Ga, and In implies that most of these elements are also in other minerals or that dissolution and remobilization has affected their concentrations, as previously suggested for fluid compositions at other vent sites (e.g., Metz and Trefry, 2000) . Elements for which there are few published vent fluid measurements (e.g., Ge, Te, V, Bi, Sn, W, and U) all yield estimated concentrations in the fluid of 1 ppb or less.
Conclusions
The increasing complexity and volume of trace element data on minerals obtained by LA-ICP-MS has challenged the interpretation of results. This study has focused on a single phase with well-constrained conditions of formation to unravel some of the systematic behavior of trace elements in an active seafloor hydrothermal deposit. Pyrite in drill core from the TAG mound and stockwork records the entire paragenetic history of the deposit, from high-temperature black smoker venting, to mineralization in the underlying mound and stockwork zone, and the effects of zone refining. Because it is fairly robust, pyrite also retains more of its original trace element fingerprint during hydrothermal reworking or recrystallization (e.g., Craig and Vokes, 1993; Vaughan and Craig, 1997) . Evidence of the early high-temperature evolution of the TAG system is preserved in Co and Se-rich cores of larger pyrite grains; later enrichments in Ga and Tl are an important clue to lower-temperature mineralizing events (cf. Wang et al., 2017) . We have shown that secondary pyrite can inherit the trace element signature of earlier marcasite, but some of the less refractory trace elements may be leached from early pyrite during zone refining. Minor and trace element concentrations almost always show consistent enrichments and depletions related to temperature-and redox-dependent aqueous complexing, strong partitioning involving lattice substitutions or surface adsorption, or trapping of micro-or nano-scale inclusions formed at different temperatures, as suggested in previous studies (e.g., Auclair and Fouquet, 1987; Hannington et al., 2005; Hannington, 2014; Monecke et al., 2016) . For many trace elements, the concentrations in pyrite reflect temperature-dependent aqueous complexing of the metals and the solubility of the inclusion phases. Cobalt and Se are partitioned into pyrite by lattice substitution across a wide temperature range, but especially at high temperatures (> 300°C). Some elements, such as Sb, have a bimodal distribution as substitutions in crystal lattices at high temperature and in Pb-Ag-bearing sulfosalts or galena at lower temperature (< 300°C). Micro-to nano-scale inclusions account for many of the trace metal enrichments in pyrite formed at lower-temperatures. Germanium, In, Sn, Te, and Ag are preferentially included in chalcopyrite; Cd, In, and Ga are strongly partitioned into sphalerite. Concentrations of trace elements that are present in micro-or nano-scale inclusions appear to closely reflect mineral saturation conditions, even if the particular phases cannot be seen, and therefore provide a qualitative geothermometer for pyrite deposition. The common practice of isolating and removing inclusions from LA-ICP-MS data may result in the loss of crucial information about the distribution and abundance of the trace elements in the bulk sulfides and the corresponding fluids. Redox-sensitive trace elements (U, V, Mn, and to some extent Ni and Mo) are fixed by surface adsorption onto pyrite in proportion to the amount of sub-seafloor mixing with seawater. The TAG pyrite data Estimated minimum trace element concentrations of end-member hydrothermal fluids needed to precipitate 1 kg of pyrite with the composition listed in Table 4 . Using a Fe concentration in the hydrothermal fluid of 297 mg/kg (average from VentDB; Mottl, 2012) , the quantity of fluid required to precipitate 1 kg of pyrite was calculated. The amount of each trace element in 1 kg of pyrite (based on pyrite LA-ICP-MS data in Table 4 ) was then divided by the quantity of fluid required to account for the trace element load of the pyrite. Data for TAG high-temperature fluids are from Edmond et al. (1995) , Edmonds et al. (1996) , Charlou et al. (1996) , Gamo et al. (1996) , and Metz and Trefry (2000) . EPR data is from Von Damm et al. (1985) and Hannington et al. (2016) . Seawater trace element concentrations are from Li (1991) .
provide an important baseline against which enrichments and depletions of trace metals in other deposits can be more meaningfully compared. Taking into consideration the different controls, the chemistry of pyrite has the potential to be highly predictive in terms of the conditions of mineral formation over a wide range of temperatures, informing particular stages of ore formation that may lead to enrichment of economically important by-product elements (e.g., Co in VMS and other ore deposit types: Monecke et al., 2016) or highlighting cryptic metal zonation, which has been an important tool in stratigraphic reconstructions of ancient VMS systems (e.g., Cu/Cu + Zn, Pb/Zn + Pb ratios: e.g., Franklin et al., 1981 Franklin et al., , 2005 .
